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SUMMARY 



Performance data on a sr.all Airesearch exhaust gas 
and air hep.t exchanger are presented. Heat transfer rates 
were measured, usin,^ a'bout 8000 pounds per hour of exhaust 
r:;as and about 4300 Tjour.ds per hour of ventilating air# 
The inlet exhaust gas temperature was maintained at approx- 
imatelv 1400^^ E; v:hereas the ventilating air temperature 
v/as a'bout 95^ E. Tests were made with thi air shroud 
disposed in two different positions. Pressure drop measure- 
ments were made on both the exhaust gas side and the ven- 
tilating air side of the heat exchanger. 

The maximum measured rate of heat transfer v:as 
259,000 ptu per hour; whereas the maximum static pressure 
drops were 7.3 inches of water and 12.4 inches of water on 
the exhaust gas and ventilating air sides of the heater, 
respectively. 

The measured thermal outputs and presw^ure drops are 
compared with r)redictc:d ve.lues and also v;ith measured 
values obtained on a similar but larger Airesearch fluted- 
type hea.ter. 

Equations for the unit thermal conductance reported 
ecrrlior are rewritten in terms of the l/D ratio of finned 
or unfinned heat exchangers. 

II'TRODUCT ION 

The heater, designated for purposes of this report 
as Airesearch heater no, 2, was tested on the large test 



stand in the ?!achanical Engineering Laboratories of the 
University of Calif ornia, (See fig. 1; for a description 
of this test stand, see reference 1.) 

The results of tests on a similar hut larger Airesearch 
heater (designated as no* 1) h^ve "beer, given "orevioiisly , 
( 3 J e r 8 f G r e n c G 1 « ) T h e s o h a a t e'r s a e d e fr- i g n e d f o r use in 
the 3yhf?.ust gai.. streajji of aircraft engines for cabin, v/ing, 
and t a il- sur f ac e h jat ing sy s t ems . 

il'he follov.'ing data v;ore obtained: 

1. ' V/eight rates of t-xhaust gan and of ventilating 

air through the tv/o sides of the heat exchanger 

2. T'Oxnperatur 03 of . vent ilat inr>: air and of exhaust 

gas at ontranco and exit of the heater 

3. Temperatures of the heater surfaces 

4. Static pressure drop r.e asur emon t s on the exhaust 

gas and ventilating air sid-is of the heater 
unc-or both is; o thermal and non- i s o thermal flow 
cond it ions 

There neasuronents v/ere made with both of the air- 
shroud openings on the ^.ame side of the heater and were 
then repeated vrith the air inlet on the opposite side 
froni the- air outijt header, (See fi^s. 4 and 5.) 



SYMBOLS 



A area of heat tr-:a:^fer, it^ 

constant (defined in Appendix) 

Cp^ hcjat capaj:ity of air at constant pressure, 3tu/lb 

h:jat c^^pacity of ^xhaust gas at constant pressure, 
""^^ Stu/lb ^? 

D hydraulic .lia.ineter, ft 

D^^ h,ydraulic d i ame t or on '-entilating ':ir bide, ft 
3g hydraulic diameter on exhaust ga^o side, ft 
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unit thp?rir.al conve.ctive conductance (average vith 
len^t-h) , Btu/hr ft^ .op 

f^^ unit thermal convective conductance for the vonti- 
la-ting arr (average with length), Btu/hr its op 

i*CT) T^Hit thermal convective conductance in a duct for 

either fluid using th-a hydraulic diameter D. as 
the significant dimension in equation (12) (aver- 
age with length) , Stu/hr ft^ 

^c.,. -^^^^^ thermal convective conductancv- for the exhaust 



gas (average with len::::ti:) , 3tu/hr ft^ 



f^^ unit thor.\n,al convective conductance along a flat 

plate for either fluid, using the lengtn of. the 
flat plate in the direction of fluid flow as the 
significant dimension in eqxiation (9) (avera.-e 
with length) , Ptu/hr ft^ 

g- gravitational force per unit of mass, l"b/(lb sec^/ft) 

& wei ght ^rat e P e r v. nit of area, 1 h / h r f t ^ 

0-^ weight rate per unit of area for ventilating air, 
I'b/hr fts . 

G- weight rate per unit of ar^.a for exhaust -r^as , 
^ Ih/hr ft^' 

I length of flat plate measured in direction of fluid 

flow, ft 

L length of heat transfer surface, ft 
P heat transfer jjerimeter, ft 

q,g^ measured rate of enthalpy change of ventilating air, 
Stu/hr 

measured rate of enthalpy change of cxhaiast gas, 3tu/hr 

t^ arithmetic average temperature of heater surface at 
section defined oy point 1, 

t2 arithmetic aver:?ge temperature of heater surface at 
section defined hy point 2, ^? 



T arithmetic average mixed iheari absolute tenperature 

^ of either fluid = Ti+'Tg/S, ' in e quat i on (8) 

only; otherwise aritlimetic coverage m ixed-n-iean 



Ta^ .+ "^a^ 0 



absolute temperature of air = — ■ + 460, 
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T arithmetic avora^^e nixed-mean absdlut'e temperature 
of exhaust = — Ti-- ^ + 460, 
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mixed-mean absolute temperature of fluid at point 1^ 

mixed-mean absolute temperature of fluid at point 2, 

T . mixed-moan absolute temperature of fluid for iso- 

"^^^ thermal pressure-drop tests, "^.R 

U ovor-all unit thermal conductance, 3tu/hr ft^ 

UA over-all thermal c ondiic t anc e , 3tu/hr °? 

(UA)^^..-.. -t J. over-.ill thermal conductance for the center full- . 
fluted section of the heater, 3tu/hr ^IT 

^UA^ 0 over-all thermal conductance for the tapered ends 
of the heater, 5tu/hr 

^a wei,-;ht rate ox air, Ib/hr 

Vr.^ wei^';'i.t rate of exhaust ^^as , Ib/hr 

X length along a flat plate or duct measured in direction 

of fluid flow, ft 

*Y wei/^ht density of fluid at entrance to heating section 

^ (point 1) , ' lb/ft ^ 

6 thickness of boundary- layer, ft 

non-isothermal pre.ssure drop along he-ater, Ib/ft^ 



APg prjrssure- drop alonp; heater on ven filat ing^-air side, 
lb/ft ^ 
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AF', prsssuro drop along heater on vent i lat ing-air 
side, i n c h 9 3 H ^ 0 

AP ^ pressure drop alon^g heater on exhaust gas side, 
^ Ib/ft^ 

A?^ . prossur::^ drop along heater on uxhaust gas side, 
inches K^O 

AP isothorinn.l prossuro drop due to friction alon^: 

'•^iso heater at temperature ^i^o 

At^,^ logarithmic mean t empt-r atur e difference, 



viscosity of fluid, lb sec/ft 
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At. difference hetv/een mixed-iaean t omper atvir e s of 

^ ventilating air at sections defined "by poixits 

1 and 2 - C^a^ - ^a^) , 

AT difference hetwoen mixed-mean temperatures of ex- 

exhaust- ras at sections defined hy pcinto 1 
and 2 = (Tg, - T.^), 

mixed-mean temperature of ven t ilat in.^; air at 
section defin-jd ny point 1, 

"^ag mixed-mean temperr.ture of ventilating air at 
section defin-^.d by point 2, 

^ mixed-mean temperature of i3xhaus t • .^as at section 
defined by point 1, If 

'^gg mixed-moan temperature of exhaui^t fas at section 
defined by point 3, ^? 

He Reynolds nur.ccr = G D/3600 g 

point 1 refer? to entrance end of heacer 

Point 3 refers to exit end of heater 

DSSCHIPTIC'i}: 0? AIHESSAHCH 'SO. 2 AND 
TESTINO PHOCEDURS 



•rhe Airesearcli no, 2 unit is a parallel-flow, un- 
finned, iluted-type heater containing 40 alternr.te exhaust 
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^^n.^ p,nd vent ilr.t ing air pae-sages. The over-all len--th 
of the hoat transfer surface is 20h inches. A sketch 
of this heater is shown in figure 6. Alno, photographs 
of the heater are shewn in figures 2 to 5. 

The principal difference "oetvreen Airesearch heo.tcr 
no, 2 and heator noo 1 (see reference 1 for a de^^cription 
of .tests on Airec'.oarch heater no, 1) is that the heat 
tranc. for s\irface of no, 2 is shorter (204- ino as a-aiust 
26 in.). The diameter of the shorter heater (no. 2) at 
the center section is one-half inch l:ss than thpt of 
tho longer one ( 8 g- in. as 'pgaiast 9 in.), and the totr.l 
number of prssa£;es fo.r the no. 2 unit is also less (40 
against 48). The tapered end sections arc approximately 
the same on the two heater The same air shroud a..- was 
used for the Aire search nOp 1 heater tests (obtained from 
Ames Aeronautical Laboratory, Moffett Field, Calif,) was 
shortened to fit the smaller heater. (See fif^s. 4 and 5.) 
The inlet header of the air shroud contains vaner. rarranged 
to distribute the flcv; of -^ir around tlie perimeter of the 
h e a t e r o 

The weight rates of exhaust ^^^as ci.nd ventilr.ting .'^-ir 
were obtained ty me.:\ns ef calibrated stiuare edge orifices. 

The exhaust i^as t empo r '\ tur u s wore measu.red at t] e 
inlet and outlet of the heater by inerans of shielded, 
t raver s in,^ t he rmo couple s . 

A mixing device v/as UJi'.ed at the exit of the natural- 
gas furnace to give an appr oxi,T!a t e ly uniforrrj t eraj-e ratu.r e 
distribution -^.t the entrance to the heater (the measured 
temperature distribution in deg T at both inlet and out- 
let ends of the hoaoer was within ^5 percent of cofuplote 
un if ornii ty ) . (3ee reference 1 for n, d;.scription of the 
test stand and its i ris t r uir-^i t at i on . ) 

The exL.'^ust gas temperature tr-i-^orsos were made at 
points 22 inches upstream and 16 inches downstream from 
the heat transfer section of the heater. 



Temperatures of the ventilating air before and after 
passage through the heater vrere determined from traverses 
made by unshielded t he r in o c oupl e s ► The temperature trc..verses 
at the inlet end of the heater were uniform within ±1 per-* 
cent and those at the outlet end v;ithin ^2 percent. These 
traverses were made at points 22'^: incjies before r-nd 394" 
inches after the air-shroud openings. 
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The heat loss to the surroundings vng reduced to a 
negligihle camount "by v^rappin^ the duct'^ vith as'bestos 
sheets . 

Temper- tures of the heater surfac=^s vere measured 
at six points, three at each end of the hf^ater. (See 
f 1^. b . ; 

Static pressure drop measurements vere made across 
the air and exhaust gas sides of the heater. T^o tars, 
ISO degrees nrart, >'ere installed at each "oresure measur- 
ing station. The pressure ta-ps on the exhaust gas side 

v-ere rlaced 1? inches "before and 12~ inches after the heat 

2 

transfer section of the heater in an ^-inch duct and those 
on the ventilating air side ^-"ere Dlaced ?7 inches ahead of 
and 20 inches after the air-shroiid openings in a 5""^^^^ 
duct • 

Keat transfer and "Pressure drop data ^^^ere taken with 
the air~shroud openings on the same si^e of the heater 
(see fig. U) and also vith the air openings on op'oosite 
sides (see fig. ^) . 

CALCULATIONS 

Heat Transfer 

The thermal output of the heater vas determined "by 
the enthalpy change of the ventilating air: 

in which c^ was evaluated at the arithmetic average 

vent ilat ing-air tem-oerature as a good a^rr oximat i on . A 
plot of against .o.t constant values of the exhaust 

gas rate ig sho^'n in figure 7. 

On the exhnust gas sir^e of the heater: 



- V 



_ T 



(?) 
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v;here Cp^ was evalv.ated for air at the arithmetic aver- 
age f^xhaust gas temperature previously mentioiied. 

The over--all therir.al conductance UA was evaluated 
from the expression 



la = (^"-O ^Hm (3) 

A plot of UA as a function of the vent ilat ing- air 
rate VI^ at constant values of \J is shown in figure 8. 

A comparison of predicted and measured results for 
the larger Airesearch no^ 1 fluted-type heater (see refer- 
ence 1) reveals that an arbitrary selection of the heat 
transfer length L was not ader;uate to account for the 
different mechanism of heat transfer along the tapered 
end section as compared to that along the uniform full- 
fluted center section* 

The rate of heat transfer through this uniform full- 
flnted center section can be predicted by means of the 
equa,t ion 



UA = 



' 1 \ r i\ 

i 



(4) 



v/here 

A heat transfer surface of the center full'-fluted section 

^^a* unit thermal conductances on the ventilating 

air and sxhaust gas sides of the heater, respec- 
tively, are evaluated from the following equations 



a 

and 

fcs = 5.56 X 10 Tg (e) 
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in which D is the hydraulic diameter and the su"bscvi:pts 
a and g denote ventilating air and exhcoUst gas sides, 
respectively, (See references 2 and 3 for derivation of 
equations (5) and (6).) 

The rate of heat transfer througn the tapered ends 
of the heater v/as ohtained in a different laann.-^r. It is 
very difficult to calculate th?. rate of hea,t transfer 
through these end sections 'oecause of the nonunif ormi ty 
of the fluid flow and of the geometry of the fluid Dassa/^es, 
Therv^.fore the difference "oetv/eon the i)redicted over-all 
thermal conductance through the uniform center section of 
the larger heater, using ecuations (4), (5), and (6) --md 
the total measured conductance of the l;..rger heater (Aire- 
search no, 1) (reference 1) v^as tir?ed to determine the con- 
ductance through the tapered end sections, vrhich a.r^^ about 
the same size and shape on "both hoaters. 

The end corr-^ecticn for the lar^-'^r heater (no. l) was 
found to vary in the loll-^v^jng urnn^.r*, 







(Ib/hr) 


(Itu/hr ^r) 


30CO 


64 


6000 


73 


6000 


77 



The variation of ("^-^-^z c;nd s '-'^^^^ ^^^-^ exha.ust gas rate 
V/g was smaller in magnitude tha-n v/ith '7^^ and vas some- 
what inconsistent since the magnitudes of ('^'^'^) ends 
one value of 1;^ v/ere smaller than those at a lower value 
ox Wg. 

Thus the predicted magnitudes of "JA, for Airesearch 
no. ? heater, as shov/n in figure 8, are evaluated as the 
sum cf the UA calculated for the uniform full-fluted 
center section cf her ter no. 2 from enua.tions (4)^ (5), 
and (6) and ihe ("^^-^)(3nds neater no« 1 evaluated from 

its variation v;ith previously shov/n, according to 

the equation 
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Op = (UA) At Jr. = 

This equation is exact only v^hen the t er:-n<^ratur e -ootential 
hetv;een the ^xhaust pa?? and the ventilating air is constant 
alon^ the lenfth of the heat exchanger. This is a-^i-nroxi- 
mated for an ^xhaust gas and air h-^at exchanf^er in vhich 
the t enrneratur e potential is lar^e n nd the Jjp ^^ 

mean value of this potentinl. 



(UA) 



center 



(UA) 



ends 



(7) 



Pressure DroT) 

Th-:^ no n- i s 0 th- rir.al T^ressure irn-n of either fluid 
through the heat-r v'as predicted fror: isoth^^rna.l measure- 
nents "by means of th^» equation 



here 

APm^ isothermal prer;sure drop due to friction at 

t emT..era"f- ur e ^ 

ISO 

T^ and T^ m i xe d-r:.ean a"b:-. olute t er.x) ^- r t ur e s of fluid at the 
inlet find tj^e ^xit of heater, respectively 

arithmetic averajt^-e of T and T 
a 12 

Gr fluid flov D'^'r unit of cr os s-sect i onal ar^a 

unit v^eipht of fluid at inlet to heater evaluated 
at ter.p^rature T^ 

The heat trnn-frr anr' nressure droT) data for Aires^arch 
heater no. 2 o>tain--^d from; tests ^'ith thf^ air-shrour' oD^^n- 
in^^s on the same side of the hent-^r ar-^ presented in taole I 
and thos:^ from tests with th- air-shroud oTDenin.ps on oT)posite 
sides are /pri^-^en in tahle IT, 



A comirarisnn of m.ea3ured a.nd -nredicted -oressure 
along "both sides of the heater is "ore^ent'^^d in tahle 
and shovn graphically in fi/!:ures ^ to 11. 



dr OPS 
III 
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DISCUSSIOIT OF RESULTS Cl^T AIH.ES5A^.CH NO. 2 HEATER 

Since the accuracy of temperature measurement vas 
much greater on the air side of the heater, the enthalToy 
change of the ventilating air was used to determine the 
thermal output of the heater. 

The average measured tem-nerature change of the ex- 
haust gases durin^T passajfre throiigh tie heater a'bout 
75^ A 1- percent error in the determination of either 

inlet or outlet exhaust gas temperature = 1^00^ F 

could cause an error of 19 percent in the determination 
of the temperature chanj^-e of the gas. The poor heat 
balances obtained for these tests may be due to this error 
in measurement and also ^aay he due -nrirtly to incomplete 
combustion of the exhaust gases. 

At r> ventilating air rate of HOOO nounds per hour 
the over-all thermal conductance UA '-'as 1--^ percent 
lov-er for this heater (Airese^rch no. ?) than for the 
larger (Airesearch no. 1) heater at an exhaust gas rate 
of 7300 pounds per hour and 11 r.ercent lov-er at an ex- 
haust gas rate of '^^200 r>ounds r^er hour. (See reference 1 
for results on Airesearch no. 1 heater.) 

The isothermal pressure d. r n d on the v e n t i 1 a. t i n iv 
side of the heater vas 17 "^-^rcent less and on the exhaust 
gas side 30 percent less for the smaller heater (Airesearch 
no . 2) . 

The heat transfer length ^--as rpduced by 21 percent and 

the diameter of the heater by Dercent for the smaller 

p 

unit as compa.r-d vith Airesearch heater no, 1, 

The measured heater surface t f='m'^ er at ur e s vere about 
1? percent lower for the smaller heater than for the larger 
heater at c c r r e st ondl ng fli^id rates and t emiDoratur es . 

Reversing the position of the outlet ventilating air 
header, tnus causing the air-side o'penin;?? to b~ cn opposite 
sides of the heater, did not ar-preciably affect the rate 
of h^at ^.ransfer. (See fig. 7.) Th--^ corresponding iso- 
thermial pressure drop^. vere abo^.it ? percent greater v;ith 
the reversed arrangement. The heater temperatures ^-'ere from 
10 to 15 perc-Mit higher at the cutlet end of the heater for 
this reversed arrangement; vhereas the heater temperatures 



IS 



near the inlet end v/ere about the ssne for the tv;o positions 
of i.JiO air shroiido 

?he tv;o air-shrcud ar r a nge.ii en 1 3 are pictured "below: 



air 1 n 



ir out 




air 1 n 



J L 



gas 
out" 



air 0 it 



Air openings on Air openin<^'- on 

same side opposite sides 



The predicted over-all thermal conductance UA is 
aboiit 17 percent lov/or than the ^alue derived from labora- 
tory measurements at an ezhaust .-as rate of 7940 pounds 
per hour rnd about 3 percent lov.er a-^ an exhaust gas rate 
of 4230 pouniis p^r hour. (See fig. 8o) 

The seemiii,e:ly small variation in the predicted i::ae- 
nitudes of UA v/ith the exhaust gas rate was r.ue in part 
to the Uoe of a value of (VA) , '.'hich is dependent 

only on the vent il„\t in£[:-air rate. (See discussion under 
Cal culat i on s . ) 
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The x-^^-d-ic ted magnitude of t he non- i s o thermal pres- 
sure drop derived from equation (8) compares well v/ith . 
the measured value when the air-shroud openings were on 
the same side of the heater. (See fig. 9.) The deviation 
between predicted and measured values for the reversed air- 
shroud arrangement may be due to the increased pressure drop 
caused by greater contraction, expansion, and eddy losses 
occasioned by the reversing- of the vent ilat ing--air outlet- 
header duct. (See fig. 10.) The isothermal pressure-drop 

term APrp used in equation (8) should be that due to 

i s o 

friction alone. 

The predicted non-isothermal pressure drops on the 
exhaiist gas side of the hcr^ter are about 15 percent lower 
than those measured in the laboratory. (See fig. H.) 

An iuspection of figures 9 to 11 rev.^.als that the 
slope of the non-isothermal pressure drop curve is less 
than that of the isothermal one. At high weight rates 
the temperature change of the fluid is small; this causes 
the last term in equation (8) T^/Ti - 1 to be small and 
thereby lowv^rs the magnitude of the non- i s o the rmal pressure 
drop. Also on the ventilating air side the non- i s o thermal 
pressure drop must coincide at an infinite weight rate of 
ventilating air with the isothermal pressure drop since the 
inlet and outlet air temperature would be equal - that is, 
isothermal. 



CONCLUSIONS 



1. The thermal performance of Airesearch heater 

no. 2 can be estimated to within 3 to 17 p.^rcent bv use of 
the method described in this report. 

2. The non- iso thermal pressure drop due to friction 
can be approximated from measured isothermal pressure drop 
values by means of equation (S). 

3. A reduction in length from Airesearch heater no. 1 
by 21 percent and in diameter by 5^ percent reduced the 
thermal performance by only 10 to 14 p.^^rcent. On the ex- 
haust gas side the pr-jssure drop was reduced by 30 p:;rcont 
and on the ventilating air side the pressure drop was re- 
duced by about 17 percent. 



U. The alternative ar ran^^enient of the cutlet 
ventilating air header for vrich the air inlet and 
outlet openings v-ere on OTDposite sides of the heater 
did not greatly affect the thermal or pressure drop 
charact eri3t ics of Aire^earch heater no. 2 tested here. 



University (?f California, 
Berkeley, Calif. 



AFPEITDIX 

TENTATIVE EQVATIOI'S FOR TFE CALCULATION OF THE 
UNIT THERMAL CONVECTIVE CONDUCTANCE ALOITG A 
FINNED OR UNFINNSD HEAT EXCHANGER 

INTRODUCTI^ON 

The flovr of a fluid alon^ a flit-Dlatp fin or at 
the entrance of a tu>^e or duct placed in a field of uni- 
forin velocity may he aiDpr oximat ely described as frllovs. 
A laminar boundary layer of r-'^t -^.rd'-d v-locity is initiated 
at the edge of the fin or tuhe and increases in thickness 
with dir.tance from the entranc'^'. If the turhul nee in the 
fluid or the surface roughness, ntc., is great enough, the 
flow in this "boundary layer may "become turoulent. As a 
first approximation the flov' characteristics near the tuhe 
inlet may he considered to he those along the leading edge 
of a flat -nlate. At some point dov^nstream from the entrance 
of the tube, however, the retarded layers along the vails 
may fill the tube completely. The same condition applies 
tn flow between fins placed in close proximity. (S^e 
sketch on p. 21 and fig. 3 of r^'ference . ) 

The relative thicknes:;^ 6/x of the boundary lav.-.r in the 
lan^nar regime varies apr^r oximat ely p. s Re""^* ^ and the thick- 
ness 6 as x^'^; wh^rpas the ratio = vari---s ns 

-0 5 -0 5 G- c^ Rn Pr 

^® ' or a- X v'here x is th^ distance in the dir^-c-- 

tion of fluid flow measured from the entrance of the tube (or 
from the edge of the flat-plate fin). If the boundary layer is 
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tur"biil enfc 5 relative thickness varies as 

Re~^*^ and the thickness 6 as x^'^*, whereas the 

ratio = varies as He * or as x o 

G Cp He Pr 

The corresponding functions in the region of transition 
between laminar and turbulent flow are less v/ell knov/n. 
Dov/ns tr cam from the point v/hero the fluid flov; is fully 
developed (tube completely filled by boundary layers), 
the unit thermal conductance is independent of the dis- 
tance from the tube entrance and depends on the hydraulic 
dia.'neter of the tube. When the location of this point of 
fully developed flov/ is known, the equation for the unit 
thermal conductance alon:^ flat plates and for that in 
tubes may be used to approximate the conductance as a 
function of the heat exchanger length. 

The conductance equat:^ons reported earlier (see 
references 2 and 3) may bo rev/ritten in order to take 
into account the variation of the unit thermal condv.c tance 
f^ with exchanger lenp-bh by a tentative metiiod derived 
as f ol 1 ows : 



Derivation of Equations 

For the turbulent re^^.ime the average unit thermal 
conductance for the length I along a flat plate (see 
reference 3) is 

f,^ = 9.35 X 10-^ t'-^^^^ I-"-' g"-' (9) 



Trie local or point value of f^ may be f :.und from the 
expression (see rjferonco 4, p. 38): 



= ^c (1+^0 (10) 

whore n is the exponent of I (-0.2) in equation (S), fo 
that 



o • 

f^^ = 0.3 fc, = 7.49 X 10-'' t"-'"^"' (11) 
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The average conductance in a long tube or duct of 
hydraulic diameter D (see references 2 and 3) is 



= 5.56 X 10-' ± 



c^ = ^.-^ X xu T ^ (13) 



Alorif; a tubular heat exchanger or in the space "bet^.-^een 
ilat-plate fins the conductance near the entrance is given 
oy equation (11) and that near the end of the passage by 
equation ( 13) . 

The correct mechanism of heat transfer at any point 
X may be characterized by the equation yielding the f^raater 
magnitude of f^ at that point. By equating the ri^:;ht 
sides of equations (11) and (12) the value of x/d for 
^Ct) = -^^Cx 4.4. 'Therefore at a distance of x = 4.4D 

froiTi the entrance of the tubular heat ^xchan;f;er or from 
tiie entrance to the space between two flat-plate fins the 
local values of f^ derived from equations (11) and (1.?) 
are equal and at this point it can be said that the flow 
is fully developed (that is, the tube or space is completely 
filled oy the boundary layers). 



Since equation (11) yields a higher value of 



up 



to the point where x = 4.4D, this equation is used to 
evaluate the 1 ocal value of f^^ up to this point. The 

average value of f^^ for any length \ up to the point 
X = 4.4D may be derived fro;.: equation (9). 

For distances along a tube, channel, or fin .'greater 
than^ X = 4.4D, the local value of f^ from equation (1^?) 
is higher (furthermore it is cons rant with length). There- 
fore equation (12) is used to calculate the local f^"" for 
all values of x between x = 4.4D and the end of the tube 
or fin. 

The av erage value of f^ for a distance -reenter than 
X = 4,4r) is a combination of equations (11) and (12). For 
a tube of hydraulic diameter D and len gth L S 4.4D the 
average f^ would thus be ' 



r 



f 

c 



r 1 / -^c clx + / f ^ dx 

:c=o x~-«^^D 



(13) 
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Let equation (12) "be written as 



= 7.49 X 10"" ^o.^^s G_ 



O. 8 



Ci 



where 

= 7.49 X 10"'^ n?^-29B ^ 



Equation (13) becomes 



and, since 



I oTe: (-.^D-o)"-^ + f,^ (l-4.4d)^ 



or 



1 " C 



r I— (4. 4D) f^. (L-4.4r) 

1_0.H 



and 



Keuce 



-4 0.£;96 0.8 

S 1 = 7.49 X 10 T C- 



L i-G'S (4,4D) 



oTir -I- fcT)(l'-4.4D) 



(14) 
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It can te seen from equation (11) that the tarn 



7.49 X lO"^^ mO-r-G a^-'' 



(4.4d)^'- 

is eajial to f^^ for x = 4.4D which \;as shown to he 
also eoual to fcj) at this value of t. . So equation (14) 
can be rev;ritten as 



= ^ 1^ 4.4D + fe (.L-4. 4D) 



1.25 X 4.4 1^ + f_ ^ ^ A. 4 2 I 

Ii 



T'r T~4,4~-c-D 



= 0.25 X 4.4 I f,^ + f^^ 



= f II + 1.1 2 I 



(15) 



Hence for tubes or fins of len-th L = 4.4D, where D 
is the hydraixlic diameter, the aver?\-e conductance fc in 
greater than that e'.r-ressed hy equation (12), tisin^ the 
hvdraxilic diameter as the significant d i-ae s i on , by the 
multiplier | 1 + 1.1 ^j, jor a circular tube in -rhich 

B - 1 inch and L = 12 inches this factor is 1,09-^, jr- 
dicatm^j; a 9.2 percent correctiou to equation (12). 

The equations acove hold for the systo.Ti where s fin 
or^tube is placed in a fluid of uniforr.i velocity diatributiou 
ana the iransition of thg boundary l.v.yer from laminar to 
turbulent flow oc?ui-s very near the origin of the boundarv 
layer. ' '-^ 

In the actual system -vherc fin; are att--ch--d to a 
surface over ^ which a fluid is flowias, the leading ed^^e of 
tne fm or flat plate is subjected to a nonuniform dis'tri- 
bution of fl-id velocity since the velocit'-^ is z.-ro at the 
wall or base of the attached fin. 
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Another deviation is found in the system v;here long 
continuous fins are cut or slotted at re/^ular intervals* 
The velocity distribution may or may not "be appropria.te 
to initia,te 'boundary layers at each slot if the slots 
are n a r r o v . 

The effDct of placing cuts or slots of various sizes 
and spacings along flat-plate fins is bein,^ investigated 
at present in the labo r at o.r y , Lxperiments are e.lso being 
planned to determine the unit thermal conductance as a 
function of the exchanger length near the inlet. 



R e c ap i t ul a t i 0 n of E q uat ions 

The ioliov;in-\: crit^^-rion i presented tentatively 
(turbulent regime cstabli^^hed in the boundary layers): 

1, Jor 0 < X ^ 4 . 4D 

(v?.) The lo£a]^ condu-ctanco f^^ at the distance 
X is expressed by equation (11) 

0 P> 



I = 7.49 X 10-- T^^--^^ (11) 
X X • ^ 

(b) The av e ra ge condiictance f^^ for the length 
X is given by equation (9) 



— r» 



fc^^ = 9,36 X 10-'' rpO.2 96 , ^^s^ 



O . R 



X 

2. For X ~ 4.4D 

(a) The 1 o c a 1 constant conductance ^Cj^* express 

by equation (12), is independent of the 
distance from the entrance of the heat 
exchange r • Thus 

f' = 5.56 X 10-^ t'^-^^^^' 1^ (12) 
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(b) The avera.ge -ralue of f for a leno-th 

greater tha.i or equal to x = 4 , 4D is 
.^iven bv equation (15) 



- f, I 1 -f 1.1 f 



(15) 



where L i <3 the length of the fin or tube, 
(5) and (6) can no^.-^ be rewritten: 



riquat ions 



and 



5.56 X 10 ^ 



-4 0*296 



•i- a 



1 + 1 . 1 

L 



(5:0 



0 . n 



'g 



5.56 X 1 0 ~ T 



0 . 9 « ' 



i + 1,1 ~ 



(6a) 
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4.0 



3.0 



2.0 



CD 



1.0 




- f , 



from equation (12)^ 
from equation (9) 
from equation (11) 



x=4. 4D 



8 



10 



14 



Distance from pipe entrance, diameters 

i 
\ 



-turbulent boundary layers 



^Yor 0 < X = 4,4D 



f^_^ from equation (11) (local value) 

f^^ from equation (9) (average value) 
^ 1 



^For 4.4D ^ x < total length 

f^_^ from equation (12) (local value) 
f from equation (15) (average value) 
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Discussion of Previous H-^ater Results 

The sir;nificant ratio of the heat - exchan^jer di j»r,rxs i ons 
x/D = 13. ^ for the distance to the .ooint of fullv developed 
fluid flov/ reported previovsly (see reference 3) v/as in 
error, since it v/as derived by equating the rifht sides of 
equatio.is (9) and (1?.) instead cf eajjatioxis (ll) and 
as previously shcv/n, 

I-*2S-wliB^il^f!ilZ-£il]B?:-£:->?BI^ -hus tr-.e cone lus ions 

reached (reference 3, p. P;) concerning tie method of cal- 
culatiuj^: the rate of heat transfer from a 6-inch-long fi:-' 
are partly in error. It '/as stf^ted that since the ratio 
of L/d './as less than 1 " • ^4 th- f^ fro'r. equation (lO) 
(usin^ L) yielded the co-rect heat flo\'; vhereas the use 
of equation (9) (using D) yielded l eat-flo*; rr-tes ahout 
3 •'lercent helo\: the measured rates. For the 6-3 nch fins, 
the ratio of L/D v/as 10. 9 for the ventilating air side 
and 7«S for the exhaust gas sic'e (arithmetic avera;::e is 
9.3)* T'-.ese r-'.tios then are r'rf.ater thn.n L/D = ^^.U; 
hence enuation (l^) should have "been us ^d. By using the 
arithmetic'^ av':ra::e L/ D - 9.3, the nult li er 

I 1 + 1.1 - I he comes appr oximat el" 1.12, or a correction 
jj j 

of 12 percent over that v/hich was ohtain'-^d hy "i^sin.^ f^ 

alone wiiich yielded lov/ rates of hert transfer hy 3 loer- 
cent. Thus the predicted ratos of heat transfer '/ould 
have heon 9 percent above the li-easured value. That these 
predictions v/ere high juay he explained in part hy the 
prohahle ineffectiveness of the slots placed at 6-inch 
intervals alonf tlie fins, since only a sir.all e;ar, (I/16 
inch) was used. (See conclus'cn ^4 on p. of reference 3.' 

The predicted results of the heat flow from the 52- 
inch fins (see reference U) are not, however, appreciaoly 
affected, since tho correction factor in equation (I5) is 
only 1,01^, v/hich means only a 1 • er c ent error. 

AirjSSi3ar.Qh^lT^^^2^h5a±^i: The over-all thermal con- 
ductance of tlio Airesearch no. 2 heater described in this 
report h^; s been r ecal c-'-.l^-^ t cd using eqiiation (l^). Thus 

*The correct resuli: './culd he obtained by correcting' the 
f^ on the air and t>\-.s sides by tho c orr csp ondi n- values 
of L/D and r ecom^^ut in.e the over-all conductance U. 



equations (5) nnd (6) are rewritten as 



• 56 X 



0 • 8 



1 + 1.1 



V 



TJ 



(&a) 



and 



= 5.56 X 10' 



0 . P f- 6 



O . B 

It _ / 



1 . 1- 



6a) 



The previous measurements of heat transfer on the 
larr^er Airesearch no. 1 hea.ter -rare u:jed to compute the 
thermal e-ffect of the tapered end sectiozis by subtracting 
the predicted over-all thermal conductance of the full- 
fluted cencer section from the total conductance derived 
from l^:boratory Jueasur ement s . Hov/ever, equations (oa) 
and (6a) vere used to predict the conductances in the 
full-fluted center section instead of the analo<:^ous 
equatior.s (5) and (6) •••'ith'~ut the multiplier (1 + 1.1 D/L) 
The conductance of the ends, vr:iich are practically the 
same as thor^e on the smaller Airesearch no. 3 unit, v/as 
found to vary in the follov/ing manner: 





^ ' rj nas 


(Ib/hr) 


(Btu/hr °?) 


3000 


7 0 


5000 


81 


6000 • 


35 



The over-all c onduc t ;.».nc e of the Airesearch no, ^ 
hv;;ater was then found by addin?; the conductance for the 
uniform full-fluted center section predicted for this 
heater by means of equations (4), (5a), and (t3a) to the 
value of (^^-^-A-) ends -^'^^^ ^ -'^ lar/'ier no. 1 heater evaluated 
at the corresponding air rate 'il^ from the table above, 
usinj_^' the approximate eq_uation (7) 



The resulting magnitudes of the over-all thermal 
conductance usin^^ eouations (^), (^a), (6a), and (7) 
are within 1 or 2 percent of tho-e derived from the use 
of equations (4), (5), (6), and (7), <^hown in fijC'. ?, 
v/hich do not take into account the L/D effect in the 
full-fluted center section, 

Hovever, the use of equations (?a) ancl (6a) yields 
values of UA alcn^^ the center full-fluted section* 
v'hich are 3.2 percent higher for the lar^-e Airesearch 
no. 1 heater and b.k -nercent hi.^^hor for the smaller 
Airese?^rch no. 2 heater than is the -nlue of IJA. oh- 
tained hy use of equations (s) and (6). ^he method 
used in this report for e s t a"bl i s hi n,<^ the heat flov 
through the tan^^re:! ends of the heat'^r th'^^r'^fore masks 
the variations of UA caiised "by ure of the tvo forms 
of the equations for f^ alcnp* thf- cert-^-r sf^^ctions of 
the heater. That is, the difference- in th^- valufs of 
UA for the center section of the larr^^ no. 1 heater 
resultin^c- from use of thr-^ tvo forms of th- eouations 
for f^ is absorhed in the taner'^d ond correction (U^)^^^^^ 
and carried throup'h to the calculation for tho small^^-r 
no. 2 heater. This differ^^nce does not th-^^n aT)T)^ar in 
the final valu^ cf UA . 

Airf S£:3'rsh-no^_ l^hj-at ej: . - For the lar^-^r Ai r =1 s -^-ar ch 
no, 1 heat^-^r the use of equations (^?a) and (6a) in th:- 
computation of UA (se- r-ferenc^: l) vould have decreas-d 
the discrepancy >jeti;een the m-r^asured and predicted values 
"by aoout 3 percent. (The discrerancy rer^ortrd vas as much 
aslSperc-^nt.) 

Solar__f lut^jd-t j£.e__heat ^ rcr th--^ Solar fluted~tyr- 
heater (see also r-ference l) the ratio of L^D -as ahcut 
1^,0; hence the multiplier jl + 1,1 5.= 1,073, This 

f-*.ctor used in equations (^a) and (6a) would have r--duced 
the discrepancy hetv^een the pr^^dict.-d and measur-^^d ma,f^ni-- 
tudes of UA from about 20 percent to about 13 percent. 



*For the full-fluted c ^-r.t ^-^r s ect i ons of the Airesearch 
heaters the ma/p;ni tud^-^ cf L/D for th^^ l^^rr^ no 1 h^^t-^^r 
is 3^.0 and for the sm:aller no. 2 heater it is IT p. 
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TABLE I.- AIRESEARCH FLUTED-TYPE HEATER *2 
AIR -SHROUD OPENINGS ON SAME SIDE 



AIR SIDE 



'F 



•F 



Wa 
hr 



APa 

Inches 
H,0 



KBttt 



hr 



EXHAUST- 



'F 



"F 



"F 



GAS 
hr 



SIDE 

Inches KBtK 
HaO hr 



HEATER 
TEMPS. 



"F 



"F 



OVERALL 
PERFORMANCE 

Bta 
hr^F 



97 
97 
97 

SL5" 
9S 
93 

89 
Q9 
69 
90 

93 
89 
86 

6S 



3S3 
376 
410 

400 
3S3 
3S3 

319 
344 
377 
430 

39S 
347 
306 
284 



261 
281 
313 

30S 
263 
240 

Z30 
2S5 
283 
340 

302 

2S8 
222 

l£>Q 



4000 
3400 
2700 

2 7 JO 
3400 
4100 

4100 
3350 
2650 
2000 

I9S0 
2640 
3440 
\4200 



/2.0 
9.00 
6.10 

6.10 
9.20 
12.3 

6.25 
8.75 
6.00 
3.67 

3.60 
S.90 
8.90 
12.4 



252 

231 
208 

203 
217 
233 

226 
207 
/65 
J64 

142 
I6S 
185 
203 



1411 

1420 

1411 

1396 
/394 
1390 

1403 
1394 
1365 
1424 

1420 

1398 
1385 

1408 



/3J3 
1385 

1368 

1355 
1320 
1360 

izaz 

1325 

1312 

I36Q 

1338 
/3IZ 
1282 
/3/Z 



38 
35 
43 

43 
74 
74 

/2/ 
69 
73 
56 

82 
86 
/03 
96 



7690 
7740 
7690 

7Z30 
7230 
7250 

5940 
5940 
5S40 
5S>/S 

4230 
4230 
4230 
4230 



7.08 
7.30 

7.30 

6.65 
650 
645 

4.4S 
4.5/ 
4.60 
4.74 

2.70 
2.70 
2.60 
260 



60.0 
746 
91.0 

85.5 

147 

147 

197 
113 
119 
91.4 

95.4 
/OO 
120 
112 



0.32 
0.32 
0.45 

0.42 
0.68 
0.62 

0.87 
0.5S 
0.6S 
0.56 

0.67 
0.6O 
0.65 
0.65 



404 
440 

484 

493 

413 
373 

346 
386 
43/ 
5/S> 

448 
377 
328 
2S>2 



6/6 
667 
718 

697 
624 
58/ 

54/ 
531 
64/ 
748 

654 
572 
502 
466 



//60 
//60 
//30 

//30 
//30 
//40 

//30 
i/40 
IIIO 
1/20 

//20 
//30 
//30 
//75 



2/7 
/99 
/84 

/az 

192 
209 

202 

/az 

767 
/46 

/27 
/46 
764 
173 



Arithmetic average of three surface temps, measured near exhaust-gas inlet to heater. (see Fig. 6 ) 
" " " » " " •• " " outlet to heater. »• 



TABLE H.- AIRESEARCH FLUTED-TYPE HEATER *2 
AIR-SHROUD OPENINGS ON OPPOSITE SIDES 















— r-\/iJAiio-r ^AC* OII-MT 




HEATER 
TEMPS. 


OVERALL 
PERFORMANCE 






A 


R SIDE 












Run 


Ta, 








apL 




TV. 










Or. 

V 




t, 


tz 


^% 


(L/A) 


No. 


T 


"F 




lbs 
hr 


Inches 


K8tt 
hr 


< "F 




r 


\bs 
hr 


Inches 


KBtU 
hr 


0 


op 


"F 


"F 




29 




36Z 


2S8 


4IS0 


/2.3 








39 


79/0 


700 


dS.O 


0.33 


39/ 


672 


/I50 


225 


30 




380 


176 


3580 


9.6S 








47 


7940 


7.00 


103 


0.43 


424 


7/7 


//45 


208 


31 




4Z2 


322 


2770 


6.20 


2/6 


/424 


1364 


60 


7940 


7.36 


731 


0.61 


493 


8/5 


1/25 


/92 


32 




373 


271 


2770 


S9S 


182 


1420 


1360 


60 


4490 


2.60 


741 


0.41 


400 


674- 


//45 


/59 


33 


96 


332 


234 


3S60 


9.0s 


202 


1415 


1334 


6/ 


4490 


2.50 


700 


a SO 


341 


539 


//60 


174 


34 


96 


311 


2IS 


4290 


I2.Z 


223 


1403 


1316 


87 


4490 


2.50 


708 


046 


301 


527 


1750 


194 


M Arithmetic 


average of 


three 


surface 


temperat ur es 


measured 


near 


e xha u st^ gas 


Inlet 


to 


heater. ( see Fig. 






II 


II 




II 




II 




1 




II 


•1 


II 


outlet .1 




II M 
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TABLE III 
AIEESEAHCH FLUTED-TYPE HEATER NO. 2 
PEES SURE DROP DATA 



Ran 


w 


G 

(115/hr 
sq ft) 


Measured 
isothermal 
pressure 
drop 

APrn 

•^iso 
(ib/sq ft) 
(Tiso=560OR) 


Predicted 

non- 
isothermal 
pressure 
drop 
AP 

(ih/sq ft) 


Measured 

non- 
isothermal 
pressure 
drop 
AP 

(ih/sq ft) 


(°E) 


(°R) 


^a 








Air Side (air-shroud openings on same 


side) 






lu 

5 
3 

10 


i+200 
3UOO 
2700 
2000 


23,300 
18,900 
15,000 
11,100 


1+7.5 
33.5 
21.6 

12.3 


62.6 
1+8.0 
32.8 
19.1 


61+.2 
1+7.8 

31.5 
19.0 


5I+5 
550 
557 
550 


71+1+ 
811 
870 
S90 


61+5 
680 

713 

720 








Air Side (air-shroud openings on opposite 


sides) 




3^ 
33 
31 


U29O 
3560 
2770 


23,800 
19,800 
15,1+00 


5^.5 
^9.0 

2U,6 


7U.I 
53.9 
37.2 


63.5 
1+7.0 

32.2 


556 
558 
560 


771 
792 
882 


663 
675 
721 



Exhaust G-as Side 



3 


7690 


35,900 


9.50 


33.^ 


37.9 


I87I 


1828 


I8U9 


6 


7250 


33,900 


8.60 


27.3 


33.3 


I85O 


1776 


I8I3 


10 


5915 


27,600 


6.10 


21.2 


2I+.8 


1881+ 


1828 


I856 


11+ 


1+230 


19,800 


3.50 


10.3 


13.5 


1868 


1772 


1820 



These entries are taken from plot of AP^ against or APg against 

since actual isothermal measurements were at slightly different fluid 
rates. 

''"^^uo{^) - (3800)^ ^ A tT - V 





Figure 4.- Photograph of 

heater in 
test stand with air- 
shroud headers in normal 
position. 



Figure 5.- Photograph of " 

heater in 
test stand with air- 
shroud headers in reversed 
position. 
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B 

Approx. 
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Fig. 6 




vent, 
air 



exh. 

gases 
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20l 



Curved j h~ ^ 
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Section A-A 



20 Exhaust-gas passages 
vent i la ting-air 
passages 




Section B-B 



Section B-B Air side 

Cross-section area, ft^ 0.180 
Wetted perimeter, ft 9.88 
Heat transfer perimeter, ft ^ 8,66 

Weight of heater - shroud 10^ Ih 

Figure 6.- Schematic diagram of Airesearch No. 2 heater and air shroud 
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Btu 
hr 
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Figure 7.- Thermal output of Airesearch No.2 fluted-type 
heater as a function of ventilating-air rate. 
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Figure 8.- Overall conductance of Airesearch No, 2 fluted- 
type heater as a function of ventilating-air 

rate. 
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Pig^ire 9— Pressure drop on air side of Airesearch No. 2 heater as a 
function of ventilating-air rate. 
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Figure 10.- Pressure drop on air side of Airesearch No, 2 heater as a 
f-unction of ventilating-air rate. (Air-shroud openings on 
opposite sides.) 
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Pressure drop on exhaust-gas side of Airesearch No. 2 
heater as a function of exhaust-gas rate, 



